Introduction 46
Forest soils contain a wide diversity of microorganisms displaying multiple nutrition modes 47 from saprotrophy to pathogenicity, through mutualism (Buée et al., 2009; Uroz et al., 2010; 48 Fierer et al., 2007) . Tree-associated microbes are considered as key drivers of tree health, 49 productivity, and ecosystem functionality (Berg et al., 2014 ; 2015) . In particular, fungal 50 communities are primary contributors to carbon and nitrogen cycling in forest ecosystems 51 (van der Hejden, 1998; Lindahl and Tunlid, 2015) . Trees forming ectomycorrhizae (ECM) 52 with soil-borne fungi dominate temperate and boreal forest ecosystems (Brundrett, 2009) . 53
These mutualistic interactions rely on bidirectional exchanges of nutrients, which happen in 54 mycorrhized roots. The host tree provides carbon derived from its photosynthesis to the 55 hyphal aggregation (Kües and Navarro-González, 2015; Genre and Bonfante, 2012; 66 Lakkireddy et al., 2011) . 67
Despite their critical ecological roles, only a few ECM interactions have been studied at the 68 molecular level. Notably, mechanisms mediating the early steps of ECM symbiosis 69 development remain mostly uncharacterized (Daguerre et al., 2017; Martin et al., 2016) . First, 70 a pre-contact phase during which plant and fungi communicate is a prerequisite for successful 71 root colonization. Diffusible molecules such as fungal auxins and sesquiterpenes likely 72 mediate this communication and trigger an increase in the lateral roots formation (Felten et 73 al., 2009; Ditengou et al., 2015; Krause et al., 2015; Vayssières et al., 2015) . Then, fungal 74 accommodation within the apoplast of root cells requires controlling both hyphal and host 75 root development (Martin et al., 2016) . For example, in the poplar-L. bicolor model, both 76 ethylene and jasmonic acid treatments restrain in planta fungal colonization i.e. restrict the 77 intradical hyphal network (Plett et al., 2014) . The symbiotic interface at the Hartig net derives 78 from remodeling of both fungal and plant cell walls (Balestrini and Kottke, 2016) . Cell wall 79 carbohydrates and proteins (e.g. hydrophobins, mannoproteins) are thus likely to actively 80 contribute to in planta fungal colonization (for review, Balestrini and Kottke, 2016) and to 81 efficient nutrient exchanges. Formation of the Hartig net also leads to a massive fungal 82 colonization within the apoplast of colonized roots, without eliciting strong defence responses 83 (Martin et al., 2016) . Considering ECM symbiosis as a biotrophic plant-fungal interaction, 84 secreted fungal molecules likely govern plant colonization by subverting host immunity and 85 manipulating its metabolism to promote the symbiosis establishment and/or functioning (Plett 86 and Lo Presti et al., 2015) . 87
Genome-wide analysis of Laccaria bicolor has led to the identification of 98 proteins, named 88
MiSSPs (Mycorrhiza-induced Small Secreted Proteins), up-regulated in symbiotic tissues 89 (Martin et al., 2008) . Among them, only MiSSP7 has been described as a symbiosis effector 90 so far. MiSSP7 is secreted by the fungus and it enters the host cells in which it localizes 91 within the nucleus. Moreover, MiSSP7-RNAi mutants are impaired in ectomycorrhiza 92 formation (Plett et al., 2011) . Inside the nucleus, MiSSP7 interacts with the Populus 93 trichocarpa PtJAZ6 (JAsmonate Zim domain 6), a co-receptor of jasmonic acid (Plett et al., 94 2014) . MiSSP7 stabilizes PtJAZ6, avoiding its degradation in the presence of jasmonic acid, 95 leading to the repression of target genes' transcription (Plett et al., 2014) . Preliminary results 96 have shown that genes involved in plant cell wall remodelling and plant defence responses 97 might be these target genes (Plett et al., 2014) . Furthermore, effector proteins, such as SP7 98 from the arbuscular mycorrhizae fungus Rhizophagus irregularis (Kloppholz et al., 2011) , as 99 well as PIIN_08944 and FGB1 (Fungal Glucan-Binding 1, PIIN_03211) from the root 100 endophyte Piriformospora indica (Akum et al., 2015; Wawra et al., 2016) also suppress host 101 immunity promoting root colonization and symbiosis. These data support the concept 102 whereby a mutualistic symbiont uses its repertoire of secreted proteins to set up the symbiosis 103 by suppressing host immunity and/or targeting cell-wall remodeling. 104
Considering the diversity of secreted proteins used by pathogens to alter the host metabolism, 105 mycorrhizal fungi might use an equivalent strategy to setup their interaction. However, 106 available literature on such proteins required for the symbiosis establishment is still very poor 107 and functional analyses of MiSSPs are required to clarify and detail how mycorrhizal fungi 108 communicate with their host plant to establish interaction . The 109
Mycorrhiza-induced Small Secreted Protein of 8 kDa, i.e MiSSP8 (JGIv2 ID #388224), 110 displays the third highest induction in mature ectomycorrhizal root tips and is also up-111 regulated in fruiting-bodies (Martin et al., 2008) . MiSSP8 is, with other MiSSPs, part of the 112 "core" regulon expressed during the colonization of two hosts, Populus trichocarpa and 113
Pseudotsuga menziesii . The proteins associated to this core regulon have 114 hence been hypothesized to be the key genetic determinants required for the symbiosis 115 development in L. bicolor . In this study, we report the functional analysis 116 of L. bicolor MiSSP8 by using a combination of experimental and in silico approaches. Here, 117
we identify MiSSP8 as a key symbiosis factor required for L. bicolor mycorrhization ability, 118 mantle formation and subsequent Hartig net development. This symbiosis factor also has a 119 repetitive motif at its C-terminus containing a kexin-like cleavage site, which is recognized by 120 KEX2 in vitro and liberate four short peptides. The repetitive motif of MiSSP8 is found in 121 other fungal proteins, mostly from ECM and saprotrophic fungi. All together our data indicate 122 that MiSSP8 is involved in fungal mantle and Hartig net formation, potentially by regulating 123 hyphal aggregation, and suggest a part of the symbiotic toolbox used by the ECM fungi to 124 initiate symbiosis is already present in the genome of their saprotrophic ancestors. 125 to the medium (Fig. S2 ). 143 144
Yeast secretion trap assay 145
Functional validation of the predicted signal peptide of MiSSP8 was done using the yeast 146 signal-sequence trap assay (Plett et al., 2011) . Briefly, full-length sequences of MiSSP8 with 147 or without its signal peptide were cloned into pSUC2-GW, a plasmid carrying the invertase 148 SUC2 lacking both its initiation methionine and signal peptide. Yeast strain YTK12 was 149 transformed with 200 ng of the plasmid using the lithium acetate method (Gietz and Schiestl, 150 2008) . All transformants were confirmed by PCR with vector-specific primers and grown on 151 yeast minimal medium with glucose (SD-W medium: 0.67% Yeast Nitrogen Base without 152 amino acids, 0.075% tryptophan dropout supplement, 2% glucose and 2% agar). To assess 153 invertase secretion, overnight yeast cultures were diluted to an O.D 600 = 1 and 20 µl of 154 dilution were plated onto YPSA medium (1% yeast extract, 2% peptone, 2% sucrose, and 1 155 µg.mL -1 antimycin A, inhibitor of cytochrome c oxidase). The YTK12 strains transformed 156 with either the pSUC2-GW empty vector or containing SUC2SP (yeast invertase with signal 157 peptide) were used as negative and positive controls, respectively. -v (overlaps off) -p (pattern search). Only protein sequences from published genomes starting 209 with a methionine were kept for further analysis (Table S1 ). In order to assess conservation of 210 the DWRR motif, protein sequences retrieved by PS-Scan were further analyzed by GLAM2 211 For the fruiting body expression, cDNA was obtained from 500 ng of total RNA using the i-255 Script cDNA reverse transcription kit (Biorad) in a final volume of 20 µL. RT-qPCR 256 reactions were performed on 10 ng cDNA and 300 nM forward and reverse primers in each 257 reaction, using the RotorGene (Qiagen) with the standard cycle conditions: 95 °C for 3 min; 258 40 cycles at 95 °C for 15 s and 65 °C for 30 s, followed by a melting curve analysis 259 (temperature range from 65 °C to 95 °C with 0.5 °C increase every 10 s). In this particular 260 case, transcript abundance was normalized using L. bicolor histone H4 (JGIv2 ID# 319764) 261 and ubiquitin (JGIv2 ID #446085) encoding genes. Amplification efficiency (E) was 262 experimentally measured for each primer pair and was taken in account for calculation of 263 normalized expression (Pfaffl et al., 2001) . 264 265
Production of recombinant protein and biochemical analysis 266
MiSSP8Δ1-20 (i.e. devoid of its first twenty amino-acid residues) was synthesized by 267 Genecust (Luxembourg) and subcloned into the pET-28a-CPDSalI vector (Shen et al., 2009) of MiSSP8 expression in free-living mycelium (FLM) was set as a reference. MiSSP8 was up-330 regulated in ECM root tips from day 7 to day 14, reaching its maximum induction at this latter 331 time point (Fig. 1A) . The expression decreased to reach the same level as in FLM at 21 days 332 (mature ECM). Expression of MiSSP8 in the extraradical mycelium (i.e. the part of the 333 rhizospheric mycelium not in contact with the roots) was the same as FLM all along the time 334 course (Fig. 1A) . In order to investigate the expression level of MiSSP8 in a non-symbiotic 335 tissue, we performed qRT-PCR on L. bicolor fruiting body tissues (stipe and cap) at two 336 different developmental stages (early and late) ( Fig. 1B, Fig. S1 ). The expression of MiSSP8 337 in L. bicolor sporocarps is higher than its expression in FLM and ECM root tips. Overall, 338
MiSSP8 was strongly induced during fruiting body-development and P. tremula x alba root 339 colonization (mantle and Hartig net formation). 340 341
MiSSP8 is secreted as indicated by the yeast invertase secretion assay 342
MiSSP8 is a protein containing 70 amino acids, the first twenty residues of which encode a 343 predicted signal peptide as predicted by SignalP v4.1 (Fig. 1C ). According to the 344 hydrophobicity plot, the mature MiSSP8 is a hydrophilic protein with charged amino acids 345 exposed to solvent (Fig. 1C ) but there is no predicted secondary structure (Fig. S2A) . A 346 circular dichroism experiment performed on the recombinant protein produced in E. coli 347 further confirms the lack of secondary structure of MiSSP8 (Fig. S2B) . In order to confirm 348 that the predicted signal peptide is functional and properly processed, the full length MiSSP8 349 (including its signal peptide) was fused to the yeast invertase SUC2, which catalyzes the 350 hydrolysis of sucrose. The transformed yeasts were able to grow on a minimal medium 351 supplemented with sucrose and antimycin (Fig. 1D, bottom Table S1 ). The DW[K/R]R containing proteins identified were mostly associated to 372 saprotrophs (32/38) and ectomycorrhizal (5/38) fungi including also one arbuscular 373 mycorrhizal fungus, but none pathogenic fungi (Fig. 2 , Table S1 ). Most of the proteins 374 identified above using pattern search algorithm (34/38) had a predicted signal peptide (Fig. 2) . 375
No protein domains were detected by PROSITE database, except for two proteins from the 376 white rot fungus Schizophyllum commune, which possess a N-terminal aspartic peptidase A1 377 domain (Fig. 2) . GLAM2 motif analysis found an enrichment of a DWR/KR motif, named 378
DW[K/R]R thereafter. 379
The median size of the proteins was 138.5 amino acids, ranging from 70 to 738 amino acids 380 (Fig. 3A) . The number of repetitions of the conserved peptide varied from three to seventeen, 381 with no correlation between the size of the protein and the number of motifs (Fig. 3B, Fig.  382 S3). RNA-Seq expression data from Pinus pinaster root tips colonized by the ectomycorrhizal 383
fungus Hebeloma cylindrosporum showed that the DWRR containing protein from H. 384 cylindrosporum (JGI IDv2: 440029) was upregulated during root colonization (Doré et al., 385 2015; GEO accession number GSE63868/GSE66156). GLAM2 motif analysis found an 386 enrichment of a DWR/KR motif, named DW[K/R]R thereafter (Fig. 3C, Fig. S3 ).The 387 DW[K/R]R repetitive motif is therefore shared between proteins predicted as secreted for the 388 most part and associated to saprotrophs and mycorrhizal fungi. incubation. For the same incubation period, MiSSP7 was not degraded (Fig. 4) . Using mass 406 spectrometry, we assessed whether the predicted DSDWRR or additional peptides were 407 produced to confirm the specificity of the in vitro enzyme test. The separation and analytical 408 detection parameters by mass spectrometry were fixed using the synthetic standard DSDW. 409
We obtained a limit of detection of the standard DSDW at 10 -8 M for 10 µl injected, at a 410 retention time of 5.08 min. In the products of digestion, we searched for C-terminal DSDVD, 411 the peptide DSDW and other predicted peptides with one to two additional arginine (R) 412 before/after DSDW ( Figure 1C ). Among the major detected peptides, we observed the C 413 terminal peptide DSDVD, DSDWR and DSDWRR, meaning that as predicted, KEX2 can 414 hydrolyze MiSSP8 after two arginines (formation of DSDVD and DSDWRR), and between 415 the two remaining arginines, to form DSDWR (Fig. S4) . Table S2 ). Real-time qPCR analysis confirmed down-regulation of MiSSP8 429 in the four transgenic lines, with a reduction from 82% to 95% compared to the empty-vector 430 control lines (Fig. 5A) . We quantified the ability of these transgenic RNAi lines to colonize P. 431 tremula x alba roots in vitro. The mycorrhization rate, defined as percentage of ECM root tips 432 formed over the total number of lateral roots, was found significantly reduced with the 433 mutants, being 45% for the wild-type and empty-vector controls and only 10 to 15% for the 434 four L. bicolor MiSSP8-RNAi lines (Fig. 5B) . The mycelial growth of each of the MiSSP8-435
RNAi line was tested on rich agar medium or on Congo Red-containing medium and it was 436 similar to the wild-type strain S238N (Fig. S5) . Neither did the RNAi mutant show any 437 growth defect nor altered fungal cell wall susceptibility compared to the wild-type fungus. hyphae forming the mantle (Fig. 5C ). This observation contrasts with the fungal mantle 451 formed with the control transformant strain, which displayed a thick and well-organized 452 fungal sheath with several layers of fungal hyphae stacked on each other. More strikingly, 453
MiSSP8-RNAi lines were impaired in their ability to form the Hartig net even after two weeks 454 of contact (Fig. 5C ). Altogether, these results highlight the involvement of MiSSP8 in the 455 differentiation of the fungal mantle precluding hyphal expansion to form the Hartig net. 456 457
Discussion 458
MiSSP8 is required for symbiosis development, likely through its role for hyphal 459
aggregation. 460
Several MiSSPs from L. bicolor, including MISSP8, are known to be part of the "core" 461 regulon expressed during the colonization of two hosts, Populus trichocarpa and Pseudotsuga 462 menziesii (Plett et al., 2015) . These proteins have hence been hypothesized to be key genes 463 required for the symbiosis development in L. bicolor (Plett et al., 2015) . The strong decrease 464 in the ability to form mycorrhizae by the MiSSP8-targeted RNAi lines is consistent with this 465 hypothesis. In addition, our study clearly shows that MiSSP8 is directly involved in the 466 symbiosis establishment, through a role played in mantle formation and the subsequent Hartig 467 net development. Since MiSSP8 displays high sequence similarity with only one L. amethystina gene, we 487 conclude that MiSSP8 is a Laccaria-specific gene, upregulated both in symbiosis and in 488 fruiting bodies. These lineage-specific genes may have been formed de novo or may derived 489 from neofunctionalization of duplicated genes or from ancestral genes that have strongly 490 diverged due to selection pressure Pellegrin et al, 2015) . However, 491 despite the absence of sequence similarities, a MCL (Markov Cluster Algorithm) analysis 492 performed on a set of 49 fungal genomes had previously retrieved 33 proteins containing a 493 similar motif as MiSSP8 . With the current analysis, and using a different 494 search approach. we also identify additional fungal proteins harboring the same repetitive 495 motif than MiSSP8 as well as a kexin endoproteinase cleavage site (K/R)R (Mizuno et al., 496 1988; Mizuno et al., 1989) . In addition, we showed this cleavage site is recognized in vitro by 497 yeast KEX2. Despite several trials, we were not able to detect the predicted released peptides 498 in ectomycorrhiza root tips or L. bicolor fruiting bodies (data not shown). This could be due 499 to post-translational modifications of the peptides or a fixation to extracellular components 500 such as fungal cell wall carbohydrates or glycoproteins. We can therefore only suggest that 501 the proteins containing the (DWRR) n motif could be processed by kexin prior to their 502 secretion or go through post-translational modifications in order to become active and release 503 such peptides. Several fungal peptides are produced from KEX2-processed precursor proteins 504 Ustilago maydis Rep1 protein is also cleaved by kexin-protease and has a structural role in the 507 fungal cell wall (Wösten et al., 1996; Teertstra et al., 2006) . A 11 amino acid long peptide 508 processed by KEX2 in Cryptococcus neoformans is required for virulence and to activate the 509 sexual program (Homer et al., 2016; Tian et al., 2018) . Since MiSSP8-RNAi lines are not 510 impaired in hyphal growth or fungal cell-wall sensitivity, it is unlikely that MiSSP8 or its 511 derived peptides are involved in fungal cell wall structure. In addition, MiSSP8 does not bind 512 to fungal cell wall sugars (data not shown). The precise role of MiSSP8 and its derived 513 peptides in the development of the fungal mantle will require further research. 514
The fungal proteins identified in our study exhibit the (DW[K/R]R) n motif at their C-termini 515 with a variable number of repetitions but they do not share sequence similarities at their N-516 termini. Variations in number of tandem repeats is thought to provide functional diversity 517 (Verstrepen et al, 2005) , suggesting that the identified DW[K/R]R-containing proteins might 518 be involved in various cellular processes and carry out different functions. If KEX2-519 processed, the variable number of repeats would lead to different number of released peptides. 520
A comparative phylogenomics analysis of 49 fungal genomes revealed that ECM fungi have 521 evolved several times from saprotrophic ancestors, these being either white rot, brown rot or 522 soil decayers, by developing a set of symbiotic genes with rapid turnover, and in particular 523 gain of genes such as MiSSPs . Moreover, a recent comparative analysis 524 of five Amanita genomes, two ECM symbionts and three asymbiotic species, concluded that 525 several genetic components of the toolkit used by ECM symbionts is already encoded in the 526 genome of their saprotrophic relatives, explaining the recurrent emergence of the ECM 527 symbiosis over time (Hess et al., 2018) . Consistent with this finding, MiSSP8 shares 528 similarities with other saprotrophic proteins through its fungal-specific repetitive motif. Since 529
MiSSP8 is likely playing a role in the formation of the pseudoparenchyma of both non-530 symbiotic (basidiocarp) and symbiotic (ECM) structures, we propose that MiSSP8 function, 531 initially required for L. bicolor fruiting body formation, has been recruited for the 532 establishment of the symbiosis. This highlights the dual use of the given secreted protein into 533 symbiotic and non-symbiotic processes. Our analysis also suggest that there are two 534 categories of MiSSPs: the orphan ones, such as MiSSP7 and the ones preexisting in 535 saprotrophic ancestors, such as MiSSP8. 536
537
In conclusion, we have characterized the Mycorrhiza induced Small Secreted Protein 538 of 8 kDa (MiSSP8) by combining functional and in silico approaches. We demonstrate that 539
MiSSP8 has a functional secretion signal peptide and it contains a repetitive motif containing 540 kexin cleavage sites recognized in vitro suggesting the protein might be cleaved in order to 541 become functional. Our data show that MiSSP8 or its derived peptides are decisive factors for 542 symbiosis establishment. The DWRR repetitive motif being also found in SSPs from 543 saprotrophic fungi, we propose that MiSSP8 or its derived peptides could have been initially 544 linked to fruiting body development by participating in pseudoparenchyma formation through 545 fungal hyphae aggregation before being recruited for symbiosis establishment. 
